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(57) Abstract 

An apparatus (20) for measuring film thickness and handling wafers is described. A four-point probe (22) engages the sur- 
face of a film (28), and a measuring apparatus outputs a voltage waveform which induces a current in the outer probes of the 
four-point probe and through the surface of the film. The two inner probes measure a voltage in the film created by the current. A 
sheet resistance of the film is calculated by taking a least square fit of the measured current and voltage and calculating the slope 
of the least square line fit. The thickness of the film is calculated by dividing the film resistivity by the calculated sheet resistance. 
An apparatus for handling wafers in which a wafer pick moves along a horizontal x-axis to unload a wafer from a cassette and 
position the wafer over a chuck (212). The chuck moves upwardly along a z-axis perpendicular to the surface of the wafer and 
lifts the wafer off the pick. The pick retracts and the four-point assembly moves along the x-axis to position itself over the wafer 
and chuck with reference to a calculated wafer center. The chuck then moves upwardly to engage the surface of the wafer with the 
probe. Wafer characteristics, such as film thickness, are tested at several test points on the circle on the surface of the wafer. 
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METHOD AND APPARATUS FOR MEASURING 
FILM THICKNESS 

Pescriptiog 



Technical Field 

This invention relates to the measurement of film thickness, and more 
10 particularly to measuring the sheet resistance of a conductive film on a wafer and 
handling the wafers in the testing process. 



Background Art 

15 

Films of various materials are used widely in the manufacture of products. 
For example, conductive films are often applied to semiconductor wafers as part of a 
process for manufacturing integrated circuit chips. Many integrated circuits have 
devices with submicron geometries, requiring very uniform film thicknesses. It is 
20 therefore desirable to have a means for measuring film thickness to ensure uniform 
film deposition. 

Testing of film thickness is often done using a test probe assembly that 
contacts a film 14 formed on a wafer 15, as shown in Figure 1. The probe assembly 

25 10 usually includes four linearly arranged probes 12a-d, where the two outer probes 
12a and 12d direct a constant current I through the film 14 and the two inner probes 
12b and 12c read the voltage drop created across the film by the current I on a meter 
16. Alternatively, probes 12a and 12c can direct the current I and probes 12b and 12d 
can read the voltage drop. The constant current I is generated by a current source 18. 

30 Following the voltage measurement, the sheet resistance can be calculated from the 
relationship: 

V 

/? = 4.562- 
/ 

where V is the voltage measured by the two inner probes and I is the current flowing 
35 through the film. This formula assumes that all four probes of the probe assembly 10 
are equally spaced apart. The film thickness can be calculated from the relationship: 
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Thickness(cm) = -£— 

where p is the resistivity of the film in ohm-cm, and R s heet is the measured sheet 
resistance. 

5 Four point probe measurement systems have been improved over the basic 

apparatus described above. In U.S. Patent 3,676,775 by A. Dupnock, a method for 
measuring the resistivity of an epitaxial semiconductor layer is described in which at 
least two-spaced high conductivity diffused regions are formed in the base wafer prior 
to deposition of the epitaxial layer, and the four point probe is is located directly over 

1 0 the high conductivity regions. In U.S. Patent 4,989, 154 by Yamashita etal,* method 
and apparatus for measuring resistivity using a four-point probe is described in which 
a correction coefficient is calculated from shape and position information of the wafer 
and multiplied by the measured resistance value. The Yamashita et al apparatus 
includes a computer controller that receives the four point probe measurements 

15 through an analog-to-digital {AID) converter. In U.S. Patent 4,335,350 by J. Chen, an 
apparatus utilizing two probes is described, in which a four point probe is engaged 
with one surface of a wafer, and another probe is engaged with the other surface in 
order to measure leakage current from the first probe. Finally, in U.S. Patent 
4,703,252 by Perloffet al, an apparatus and method for testing the sheet resistance of 

20 a wafer is described in which multiple test readings are taken by a four point probe at 
predetermined test locations on the wafer. 

While the prior art four point probe apparatus have been successful in 
measuring the sheet resistance and film thickness of wafers, they tend to exhibit some 

2 5 undesirable characteristics. For example, the prior art uses constant current sources to 

provide the current through the film. Current sources are expensive and slow to 
stabilize, often requiring five seconds or so to stabilize for each measurement. This 
stabilization delay is undesirable for production environments, where fast 
measurements are desired. A further problem with the prior art four-point probe 
30 apparatus is the presence of offsets and drifts in the current level of the current source. 
Inaccurate sheet resistance and film thickness values can result from this problem. A 
different problem in the prior art is the presence of hysteresis and magnetic effects 
that occur when different current levels are tested in the wafer. These effects appear 
when a large jump in current level occurs and can substantially alter a measurement 

3 5 enough so that its accuracy cannot be relied upon. 



WO 94/11745 _ PCI7US93/11076 

Thin film testing, as described above, is often accomplished by an automated 
process, in which robots continuously handle and test, for example, wafers that 
include the thin films. Robot testing and handling tends to be more efficient than 
manual testing and handling of wafers, since robots can be much faster and more 
5 precise than human operators. Also, robots tend to be less contaminating than 
humans when handling wafers. 

Typical robot wafer handling systems move a wafer into testing position and 
move a probe assembly to engage the wafer surface and take measurements. Some 
10 robot systems also have the ability to remove a wafer from a wafer cassette, set it 
down on a testing surface, and place the wafer back into the wafer cassette after 
testing in a process known as cassette-to-cassette handling. 

Prior art wafer handling systems vary in structure and method of handling 
15 wafers. In U.S. Patent 4,204, 155, Af, Terry describes an automatic four-point probe 
mechanism that repeatedly lowers a four-point resistivity head onto a semiconductor 
wafer. In U.S. Patent 4,755,746, Mallory et al. describes an automatic system for 
resistivity testing of semiconductor wafers, and includes a handling system whereby a 
wafer on a rotatable platform is lowered to a testing area. A probe assembly moves 
20 into place over the wafer and lowers so that the probe contacts the wafer to perform 
tests. In U.S. Patent 4,907,931, Mallory et al describes a semiconductor wafer 
handling apparatus which automatically moves wafers between wafer cassettes and a 
wafer test system. A shuttle arm is aligned with a wafer in a cassette and a spatula 
extends to remove the wafer from the cassette. The shuttle arm then rotates and 
25 moves the wafer to a testing area, where the arm lowers and retracts, leaving the 
wafer to be tested. The wafer is removed and placed into the cassette by the reverse 
operation. 

While the prior art wafer handling and test systems have been successful in 
30 handling and testing wafers, they tend to exhibit some undesirable characteristics. 
For example, the prior art moves both the test probe and the wafer in the direction 
perpendicular to the wafer surface, where the test probe is moved to engage the probe 
with the surface of the wafer, and the wafer is moved to facilitate its loading and 
unloading. This duplication of movement increases costs of the wafer handling 
35 equipment due to the extra motors and controls that are required. A further problem 
with the prior art wafer handling system is the complexity of the handling apparatus. 
The wafer-handling shuttle arm in the prior art requires several motors and must 
move along several axes to position a wafer correctly on a test area. Complex robots 
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are expensive and require a great deal of maintenance to keep them operating 
coiTectly. Such costs and maintenance are undesirable in production environments. 

What is needed is an apparatus and method that will handle and test a wafer 
5 efficiently and economically. Wafers would therefore be tested faster and with less 
production and maintenance costs, thereby increasing the amount of manufactured 
products and revenue. What is further needed is an apparatus and method that will 
quickly test a wafer for resistivity and thickness so that many measurements of a 
wafer's surface can be taken and more wafers can be tested in a given amount of time. 
10 In addition, an apparatus and method are needed that will eliminate the hysteresis and 
magnetic effects of taking a measurment with a probe so as to increase the accuracy 
of the measurements. 

15 

Disclosure of the Invention 

The present invention addresses the problems in the prior art by providing a 
20 method and apparatus to measure film thickness by coupling a variable voltage source 

to the outer probes of a probe assembly to provide a variable current through the film. 

The variable current does not need to stabilize before measurement of film thickness. 

Probe measurements are taken at many different voltage levels to provide a more 

accurate overall sheet resistance measurement. These improvements allow 
2 5 measurements to be taken in a shorter amount of time with more accuracy. 

The present invention also addresses the problems in the prior art by providing 
a method and apparatus for handling wafers by moving the wafers and probe 
assembly along a horizontal axis and moving a chuck in the direction perpendicular to 
30 the surface of the wafer to engage the probe assembly. Only five axes of movement 
are required for complete cassette-to-cassette testing in the present invention, as 
opposed to six or more axes of movement required in the prior art. 

In one aspect of the invention, an apparatus for measuring film thickness 
35 comprises a variable voltage source coupled to the outer probes of a four point probe 
assembly by a sense resistor. The four point probe assembly engages the surface of a 
conductive film on a substrate so that a current flows through the surface of the film 
between the two outer probes. The voltage source preferably includes a digital 
computer connected to a digital-to-analog converter (DAC) which produces a 
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sawtooth voltage waveform. This sawtooth waveform is then amplified prior to being 
applied to the four point probe; 

The current flowing through the film is measured by measuring the voltage 
5 across the sense resistor and applying Ohm's law (I = V/R). Both the voltage across 
the sense resistor and the voltage between the inner probes of the four point probe are 
measured using variable gain differential amplifiers. The differential amplifiers send 
their respective outputs to analog-to-digital converters (ADCs), which provide digital 
signals to the digital computer. The computer can then calculate the sheet resistance 
10 in the surface of the film from the ratio of the current to the voltage across the inner 
probes. A sheet resistance is preferably measured for a number of input voltage 
levels in the sawtooth-shaped waveform. For each sheet resistance measurement 
. taken, a film thickness is calculated using the known resistivity of the film material. 

15 The present invention has the advantage of measuring I and V rather than 

assuming I for the sheet resistance measurements. The present invention also has the 
advantage of measuring the sheet resistance of the film using a least square fit of the 
voltage measurements and calculating the slope of the least square line. The sheet 
resistance is proportional to the slope of this line. Since a slope is measured, the 

20 resistance measurement is not sensitive to drifts and offsets in the voltage source or in 
the entire electronic system. 

The present invention also has the advantage of taking many measurements at 
different current levels in a small amount of time. With many more measurements, 

25 the accuracy of the resistance measurement is greatly increased. Also, since the 
voltage source generates a voltage waveform instead of a constant current, the 
invention does not have a delay time that is required for a current source to stabilize. 
As a result, many more measurements can be taken in a given amount of time, which 
speeds up the entire process and allows more substrates to be tested. Finally, the 

30 measurements are taken with a sawtooth-shaped input voltage waveform, which is 
continuous and has no large current jumps; this waveform shape tends to eliminate 
magnetic effects of the fdm and thus degausses the measurement. 

In a further aspect of the present invention, an apparatus for handling wafers 
3 5 comprises a wafer pick operative to pick up a wafer and transport the wafer to a test 
area. The pick moves in a horizontal plane and stops when the wafer is positioned 
over a rotatable chuck. The chuck moves upward to engage the wafer and the pick 
retracts from the chuck, leaving the wafer behind. A test probe assembly then moves 
in the same plane as the pick to position itself over the wafer. The chuck then moves 
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upwardly so that the surface of the wafer engages the probe assembly for testing 
purposes. 

The probe assembly preferably tests the wafer at several locations on the 
5 surface of the wafer. Preferably, the center of the wafer and the wafer flat are found 
to provide a reference for the test point locations. Once the measurements on one 
location on the wafer surface are completed, the chuck preferably moves downward 
and rotates. The chuck then moves upwardly to engage the probe with the wafer 
surface at a new location and measurements are made. Once all the points in a 
10 circular path on the wafer surface are tested, the probe assembly indexes horizontally 
and another circular path on the wafer surface is tested. Substantially all of the wafer 
surface can be tested in this manner. 

The apparatus includes a wafer cassette assembly that moves the cassette 
1 5 upwardly and downwardly so that the pick has access to all the wafers in the cassette. 
The pick can remove each wafer held in the cassette, cany each wafer to the chuck to 
be tested, and load each wafer back into the cassette. 

The present invention has the advantage of moving only the chuck upwardly 
20 and downwardly, thereby reducing the number of motions required for the testing . 
apparatus and saving cost and maintenance. The present invention also has the 
advantage of moving the pick and the probe in the same horizontal plane along the 
same axis, thereby reducing the complexity of the apparatus and saving production 
and maintenance costs. 

25 

These and other advantages of the present invention will become apparent to 
those skilled in the art after reading the following descriptions and studying the 
various figures of the drawings. 

30 

Erief Description of flie Drawing? 

3 5 Figure 1 is a schematic view of a prior art four point probe; 

Figure 2 is a perspective view of a four point probe connected to a 
measurement apparatus; 
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Figure 3 is schematic diagram of a measurement apparatus; 

Figure 4 is graph of the output sawtooth waveform and the corresponding 
sense voltage and probe voltage waveforms; 

5 

Figure 5 is a flow diagram of a method to calculate film thickness; 

Figure 6 is a flow diagram of a method to measure sheet resistance using a 
time variant waveform; and 

10 

Figure 7 is a graph of measurements of the sense voltage vs. the voltage across 
the inner probes of the four-point probe. 

Figure 8 is a perspective view of a wafer handling apparatus of the present 
15 invention; 

Figures 9a-9d are four sequential top plan views of the wafer handling 
apparatus; 

20 Figure 10 is a side elevational view of the wafer handling apparatus; 

Figure 1 1 is a flow diagram of the wafer handling process; 

Figure 12 is a flow diagram of a method to run the testing of a wafer with a 
25 probe assembly of the present invention; and 

Figures 13a- 13c are top plan views of different testing patterns on a wafer 
surface. 

30 

Pest Modes for Carrying QMt the Invention 

35 A prior art four point probe measurement system was shown in Figure 1. In 

Figure 2, an apparatus for measuring film thickness 20 is shown for the present 
invention. Apparatus 20 comprises a test probe assembly 22 and a testing apparatus 
24. The assembly 22 comprises test probes PI, P2, P3 and P4 that extend from a 
housing 26, i.e., there are four test probes in the preferred embodiment, aligned in the 
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standard four-point probe configuration. The test probes Pl-4 are preferably spring 
biased to prevent damage to the film and substrate. The test probes Pi-4 engage a 
film surface 28 on a substrate 29. The film is most typically a metal film such as 
aluminum (Al), tungsten (W), or a metal alloy such as titanium nitride (TiN), titanium 
5 tungsten (TiW), tungsten silicide (WSi), or doped silicon. The springs connecting the 
probes to the housing allow the probes to shift vertically and thus prevent the probes 
from marking or damaging the film surface 28 when they contact the film and provide 
a good contact between each of the probes and the film surface. Each probe Pl-4 is 
connected to a terminal II, 12, 13, or 14 (11-4) of the probe assembly connections 30, 
10 located on the testing apparatus 24 (described below); where probe PI is connected to 
terminal II, probe P2 is connected to terminal 12, probe P3 is connected to terminal 
13, and probe P4 is connected to terminal 14. The connection is made through 
insulated wires 31. Test probe assembly 22 engages a thin film surface preferably 
using the handling apparatus described with reference to Figures 8-13, 

15 

Figure 3 shows a testing apparatus 24 to measure the sheet resistance and 
thickness of a film. The preferred embodiment of the testing apparatus 24 comprises 
a voltage source 34, probe assembly connections 30, a current sensing means 36, and 
a voltage sensing means 40. 

20 

The voltage source 24 includes a digital computer 44, a digital to analog 
converter (DAC) 46, and an amplifier 48. The digital computer 44 is a programmable 
device including a microprocessor and an output interface. A suitable digital 
computer is an AT class IBM compatible personal computer. The computer is 

25 coupled to a DAC 46 by a parallel bus 47. In the preferred embodiment, the bus 
comprises twelve parallel lines, so that the range of binary numbers received by the 
DAC is 0 to 2 12 - 1 = 4095; a 16-bit or higher resolution DAC can also be used. The 
computer is programmed to send signals to the DAC that are within the range of -5 to 
+5 volts. The DAC 46 is thus able to output 4096 different voltage levels ranging 

30 from -5 volts to +5 volts. A suitable DAC 46 is made by Analog Devices and has a 
part number AD7237. 

The input of amplifier 48 is coupled to the output of DAC 46. Amplifier 48 
preferably has a high gain and thus a high output current. A high current is needed to 
35 flow through the film 28 so that the voltage across the inner probes P2 and P3 is large 
enough to be measured accurately. The amplifier 48 in the preferred embodiment 
outputs a voltage that ranges from -35 to +35 volts. This voltage is the output voltage 
of the voltage source 34. A suitable amplifier 48 is made by Burr Brown and has a 
part number OPA54L 
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The probe assembly connections 30 comprise terminals 11-14. The terminals 
are connected to the probes P1-P4, respectively, of the probe assembly 22, as 
described above, and terminal II is also coupled to the output of the voltage source 34 
5 by a sense resistor as explained below. The voltage produced by source 34 flows 
through the sense resistor, through probe PI, through the film 28, through probe P4, 
and to ground at terminal 14. Terminals 12 and D are connected to probes P2 and P3, 
respectively, to measure a voltage across the film. In an alternative arrangement, the 
voltage flows through the sense resistor, through probe PI, through the film 28, 
10 through probe P3, and to a ground connection at terminal 13. In this alternative 
arrangement, the voltage is sensed by probes P2 and P4, connected to terminals 12 
and 14, respectively, and the voltage sensing means 40 (described below) is connected 
to terminals 12 and 14 instead of terminals 12 and 13. 

15 Voltage source 34 is coupled to terminal II by a current sensing means 36, 

which includes a sense resistor 50, a differential amplifier 52, and an analog-to-digital 
converter (ADC) 54. Sense resistor 50 is coupled between the output of the voltage 
source 34 and the terminal II, as explained above. The value for the sense resistor 50 
can vary between 10 to 10,000 ohms; the value is adjusted to optimize the sensitivity 

20 of the measurements and varies for different films with different resistivities. The 
sense resistance and gain of the differential amplifier 52 (see below) allow 
measurements to have a dynamic range of 10 12 to 1. 

Differential amplifier 52 measures the voltage V scn se across the sense resistor 
25 50. The differential amplifier in the preferred embodiment is an Analog Devices 
AD524 or equivalent amplifier. The two input terminals of the differential amplifier 
are each coupled to one terminal of the sense resistor. Differential amplifier 52 
measures V sen sc across the sense resistor 50 and outputs a voltage adjusted according 
to the variable gain Gi4 of the differential amplifier 52. The gain Gu can be set to 
30 different levels by the computer 44 by sending a control signal on control line 53 to 
set gain tabs on the differential amplifier 52. In the preferred embodiment, gain G14 
can be set at 1, 10, 100 or 1000. The gain is set to maximize the range of the ADC 
54. 

35 The output of the differential amplifier 52 is coupled to an analog-to-digital 

converter (ADC) 54. The ADC in the preferred embodiment is an Analog Devices 
AD574. The ADC 54 inputs a range of voltages and has a resolution of twelve bits; a 
higher resolution ADC can also be used. A range of binary signals from 0 to 4096 
can be sent on the twelve bit bus 55 coupled to the output of the ADC. The bus 55 is 
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coupled to an input port of a digital computer; the digital computer 44 of the voltage 
source 34 is preferably used. The computer receives data over the bus 55, which is 
the signal A representing the sense voltage V s cnse across the sense resistor 50. The 
computer calculates the current I S cnsc through the sense resistor by dividing the sense 
5 voltage V sen se by the known sense resistance value Rsense- Isense is equal to the 
current flowing through the outer probes and the film. 

Voltage sensing means 40 comprises a differential amplifier 58 and an ADC 
60. The differential amplifier 58 in the preferred embodiment is an Analog Devices 

10 AD524 or equivalent amplifier. The differential amplifier 58 has two input leads 
which are coupled to the terminals 12 and 13, respectively, of the probe assembly 
connections 30. Terminals 12 and 13 are coupled to probes P2 and P3, respectively, of 
the probe assembly 22. Differential amplifier 58 senses the voltage V23 across 
terminals 12 and 13 and outputs a voltage adjusted according to the variable gain G23 

15 of the differential amplifier 58. The gain G23 can be set to different levels by by the 
computer 44 by sending a control signal on control line 59 to set gain tabs on the 
differential amplifier 58. In the preferred embodiment, gain G23 can be set at 1, 10, 
100, or 1000. The gain should be set to maximize the range of the ADC 60. 

20 The output of the differential amplifier 48 is coupled to an ADC 60. Similar 

to the ADC 54 of the current sensing means 36, the ADC 60 has a resolution of 
twelve bits, so that a digital binary output from 0 to 4095 can be sent on a twelve bit 
bus 61 coupled to the output of the ADC 60. The bus 61 is coupled to an input port of 
the digital computer 44. The computer receives the data from the ADC over bus 61; 

25 the data is the digital signal B representing the voltage across probes P2 and P3 on the 
film surface 28. 

Preferably DAC 46, amplifier 48, differential amplifiers 48 and 52, and ADC's 
54 and 60 are provided on a plug-in board for computer 44. Alternatively, the DAC 
30 46 and the ADC 60 are provided on a plug-in board for computer 44 and the 
amplifiers are externally provided near the probe assembly 22. 

Figure 4 shows graphs of the voltage waveforms used in this preferred 
embodiment of the present invention. The graph 66 of V 0 shows the time-variant 
35 sawtooth-shaped waveform generated by the voltage source 34 and varying from -5 
volts to +5 volts. Each cycle of the sawtooth-shaped waveform comprises an 
upwardly-sloping ramp 67, a downwardly-sloping ramp 68, and another upwardly- 
sloping ramp 69. The sawtooth-shaped waveform has the advantage of being 
substantially continuous, thereby avoiding any sudden jumps in current that may 
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cause hysteresis effects in the measurements. The sawtooth-shaped waveform of V 0 
includes a number of voltage steps, each step corresponding to a number preferably 
between 0 and 4095 output by the computer 34. The sawtooth-shaped waveform is 
thus made up of 2048 steps in the upward-sloping ramp 67, 4096 steps in the 
5 downward-sloping ramp 68, and 2048 steps in the upwardly-sloping ramp 69. The 
graph 70 of V scn sc and the graph 71 of V23 (i.e. the voltage across probes P2 and P3) 
show the same sawtooth-shaped voltage waveform shown in the Vo graph. This 
relationship shows that the current across the sense resistor and the voltage across the 
probes P2 and P3 vary substantially in phase with the source voltage, so that for each 
10 point in the V 0 waveform, a corresponding Vsense and V23 can be measured. 

Figure 5 is a flow diagram of a method 72 of measuring film thickness. The 
method begins at step 74, and, in a step 76, the probe assembly is engaged with a 
surface of the film which is to be measured for thickness. The film is made of a 
15 conductive material that allows a current to flow. The most typical application is the 
measurement of the thickness of metal films deposited on semiconductor wafers. 

The probe assembly 22 is brought into contact with the surface 28 of the film 
so that all of the probes PI -4 are touching the surface. This can be done by moving 
20 either the probe assembly 22 or the substrate 29. The probes PI -4 are preferably 
spring-loaded so that they relieve pressure on the film surface when initially brought 
in contact with the surface, and so that they all make good contact with the film. 

In a step 77, the measuring system is calibrated. The goal of the calibration is 
25 to adjust the measured voltages V scnse and V23 so that they are within the voltage 
range of the ADCs 54 and 60. The variable gains G14 and G23 of the differential 
amplifiers 52 and 58 are set by the computer 44 by control lines 53 and 59, 
respectively. To correctly set the gains, the computer outputs a voltage V 0 , which is 
approximately 1 or 2 volts in the preferred embodiment, and receives an initial 
30 measurement from signals A and B from the four point probe assembly 22 so that the 
range of the measured voltages V scnse and V23 is known. The computer 44 then sets 
the gains G14 and G23 with the control lines 53 and 59 so that the output of the 
differential amplifiers 52 and 58 is in the range of the ADCs 54 and 60. 

35 In a step 78, the process of measuring the sheet resistance of the surface of the 

film is described. A time- variant waveform V 0 is sent by the voltage source 34 to the 
probe assembly 22 to create a current through the film. This current creates a voltage 
between the inner probes P2 and P3. The voltages V^se and V23 are measured by 
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the differential amplifiers and a sheet resistance is calculated by a digital computer for 
the film. The process is described in detail subsequently. 

In a step 80, a digital computer calculates the film thickness, which is 
5 calculated using the formula: 

Thickness(cm) = —P— 

where p , the resistivity of the film in ohm-cm, is a known value for the film material. 

10 Rsheet is the sheet resistance, which is the resistance value calculated in step 78 from 
the measured voltages V se nse ^ V23. There are several methods to compute film 
thickness. The method in the preferred embodiment is to calculate a film thickness 
from the R S heet value calculated in step 78 from a least squares line fit. Another 
method is to calculate a film thickness for each measured Rsheet value stored in step 

15 78 and then average the film thicknesses. A third method is to calculate the film 
thickness from an average R s hect value calculated in step 78. After the film thickness 
is calculated, the method is completed as indicated in step 82. 

Figure 6 is a flow diagram of the method 86 of measuring sheet resistance of a 

20 film, shown in step 78 of Figure 5. The method starts with step 88 and, in step 90, 
counter variables j and R are initialized to zero. In a step 92, voltage V<> from the 
voltage source 34 is set to zero volts, which is equal to the number 2048 on a scale 
from 0 to 4095 in the preferred embodiment. Vo is compared to the maximum level 
V max of V 0 , which is the number 4095. If V c is greater than or equal to V ma x» then 

25 the upward ramp 67 of the sawtooth is complete, and the next step is step 100, 
described below. If V c is less than V max , then V 0 is output on bus 47 by the voltage 
source 24 in a step 94. Index variable j is incremented in step 96, and input signals A 
and B are read in and stored as subscripted variables A(j) and B(j) in step 98. Signals 
A and B represent the voltages V senS e and V23, respectively, read by the differential 

30 amplifiers 52 and 58. Once the values of signals A and B are stored in step 98, then 
V 0 is incremented by the computer in step 92 and compared again to V max - Until V 0 
reaches the maximum voltage, the computer increments V 0 , outputs V 0 , and stores 
the signals A and B measured at that V 0 value. Once the voltage V Q is at the 
maximum level, the first ramp 67 of the sawtooth waveform is complete and step 100 

35 is initiated. 

Step 100 begins the downwardly-sloping ramp 68 of the sawtooth waveform 
as seen in Figure 4. V Q is set at the maximum voltage V ma x> corresponding to the 
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number 4095 in the preferred embodiment. V 0 is compared to zero; if it is less than 
or equal to zero, the ramping is complete, and the next step is 108 (described below). 
If V 0 is greater than zero, then voltage source 24 outputs V 0 on bus 47 in a step 102. 
Index variable j is incremented in step 104, and input signals A and B are read as 
5 subscripted variables A(j) and B(j) in step 106. Signals A and B represent the 
voltages V S ense and V23, respectively, read by the differential amplifiers 52 and 58, 
The values of signals A and B are stored in step 106, and the value of V 0 is 
decremented in step 100. The loop continues in the same manner so that V 0 is 
outputted on bus 47 each time it is decremented and signals A and B are read and 
10 stored in the computer for each level of V 0 . When V 0 reaches -5 volts (the number 
0), the downwardly-sloping ramp 68 is complete and step 108 is initiated. 

Step 108 begins the final upwardly-sloping ramp 69 of the Vo waveform cycle 
as seen in Figure 4. V 0 is set at the minimum voltage Vmin corresponding to the 

1 5 number 0 in the preferred embodiment. V 0 is compared to Vmid (equal to 2048); if it 
is greater than or equal to Vmid. the ramping is complete, and step 1 16 is initiated. If 
V 0 is less than zero, then Vo is output and signals A and B are measured and stored 
by the computer in a similar fashion as described for steps 92-98 above. When V 0 
reaches 0 volts (the number 2048), the upwardly-sloping ramp is complete and step 

20 116 is initiated. 

The voltage source 34 can vary the voltage V 0 very quickly, and thus many 
voltage measurements A and B are taken in a given time period. Since a voltage is 
being varied, no delay time for allowing a current level to stabilize in a current source 
25 is necessary. 

Steps 116 and 1 18 are optional. In a step 1 16, variable R is incremented. R 
stores the count of cycles that the voltage V G has cycled through. A cycle has 
occurred each time the voltage V Q is incremented through an upwardly-sloping ramp 
30 and decremented through a downwardly-sloping ramp. Each cycle preferably 
consists of 8192 levels of V 0 , so that there are 8192 different sets of stored A and B 
data. Alternatively, every other level of Vo can be ignored so that 4096 sets of data 
are measured. 

35 In a step 118, the variable R is compared to the REPEAT variable. The 

REPEAT variable contains the number of cycles that the user wishes the voltage V 0 
to cycle through. Thus, in the preferred embodiment, REPEAT multiplied by 8192 
equals the total number of different measurements taken on the film surface. If R is 
less than REPEAT in step 118, another cycle of the V 0 waveform is initiated at step 
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92. If R is greater than REPEAT, step 120 is initiated. In the preferred embodiment, 
one cycle of the voltage waveform is always used for any film, resulting in 8192 
measurements (or 4096 if every other step in the waveform is ignored). In this case, 
REPEAT is always set to 1, and steps 116 and 118 are not required. 

5 

The value of the sheet resistance of the film Rsheet is calculated next using a 
least square line fit of the measurement voltage values stored in the previous steps. In 
step 120, a least square line fit is calculated from the data points of stored values A(j) 
and B(j) (see Figure 7). As explained above, there are up to 8192 data points stored 
10 in the preferred embodiment. The method for generating a least square line fit with 
existing data is well-known in the art. Rshect is proportional to the slope m of the 
least square line. The equation describing the least square line is: 



15 



20 



^23 ~ ^23 + 772 V sense 



Ignoring V23 0 , which contains DC offsets of the entire electronic system, the slope m 
is equal to: 



slope = m = 

* sense 



Rshect is calculated from the known equation: 



= 4.562-^2- = 4 .562-^_/? KIUf 

*sense * sense 



= 4.562m/?. 



sense 



25 where I SC nsc is the current flowing through the film, R se nse is the known resistance of 
the sense resistor 50, and V scnsc is the voltage across the sense resistor. V SC nse and 
V23 are stored in the computer as values A(j) and B(j), respectively. R s heet is 
calculated using the known formula 4.562(V/I) that assumes the four probes of the 
probe assembly 22 are spaced equally apart. In step 122, the computer multiplies the 

30 factor 4.562, the slope of the least square line, and the resistance of the sense resistor 
50 to get Rsheet for the tested film. Once the R s heet value is calculated, the process is 
complete, as indicated in step 124. 



35 



Other methods can be used to calculate a sheet resistance Rsheet ^om the 
measurement data, such as an averaging method. An R S heet value can be calculated 
for each set of A and B data. All the R s heet values can then be added together and 
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divided by the total number of measurements taken to get the average Rsheet value. 
The least square line fit method is used in the present embodiment, since it is 
insensitive to offsets in circuit components, as described in Figure 7. 

5 Using the above-described process, more measurements can be taken in a 

given time period. With a greatly increased amount of measurements, the accuracy of 
the calculations for sheet resistance and film thickness are also greatly increased. 

Figure 7 is a graph 126 showing the measurement points 128 of the voltages 
10 V23 and V S ense and the least squares line 130 calculated from the measurement points 
128. The measurement points 128 are approximately linear, so that if a single 
measurement is much different from the other measurements, that measurement point 
128 in graph 126 is spaced far from the least squares line 130 and is thus easy to 
single out. 

15 

As described above, R s heet is proportional to the slope of the least square line 
130, and the slope of the line 130 is calculated in order to determine the value of 
Rsheet* Since a slope is measured, undesired offsets in the voltage source 34 or other 
electronic components in the system do not affect the accuracy of the R s heet 
20 measurement. Line 130 may cross the origin of the axes of graph 126, indicating no 
offset in the differential amplifiers, or the line may cross the axes at a different point 
as shown in Figure 7, indicating that an offset exists in the system. This offset, 
however, does not affect the accuracy of the resistance measurement. 

25 In using a sawtooth-shaped waveform as the voltage source, the measurement 

points are taken when V23 and V scnsc are either both negative or both positive, and 
the measurement points 128 appear in the first and third quadrants of the graph. This 
has the effect of reducing hysteresis effects, such as magnetic effects, that occur on 
the film surface when a current is induced in the film. Also, the sawtooth-shaped 

30 waveform is a substantially continuous waveform and thereby avoids any large jumps 
in voltage and current that could occur from discontinuities. Such discontinuities can 
cause hysteresis effects in the film. By taking measurements with a continuous 
sawtooth-shaped waveform in the first and third quadrants of the graph of Figure 7, 
one effectively degausses the measurement. 

35 

In Figure 8, a wafer handling apparatus 210 comprises a chuck assembly 212, 
a wafer pick 214, a probe assembly 22, a wafer cassette assembly 218, a computer 
220, and test circuitry 222. 
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Chuck assembly 212 comprises a base platform 228, a testing chuck 230, and 
a drive assembly 232. Base platform 228 is preferably a table structure that supports 
testing chuck 230 and allows drive mechanism 232 to be located underneath the 
testing chuck. Testing chuck 230 is preferably a disc-shaped chuck that rotates 
5 around a central z-axis. Testing chuck 230 is also operative to move upwardly or 
downwardly along the z-axis perpendicular to the surface 234 of the testing chuck 
(the z-axis). In its fully lowered position, the testing chuck 230 rests in a circular 
groove 236 of base platform 228. A wafer 238 rests on the surface 234 of testing 
chuck 230 and can engage probe assembly 22 when testing chuck 230 is raised 
10 adequately and probe assembly 22 is positioned over the testing chuck 230. Other 
workpieces besides wafers can also be placed on chuck 230 and tested. 

Testing chuck 230 includes a slot 237 extending radially from the center of 

testing chuck 230 to an edge of the chuck. The slot is about one-fourth an inch deep 

1 5 and 1 \ inches wide. Testing chuck 230 also includes concentric vacuum grooves 
4 

(not shown) which are operative to hold wafer 238 to the surface of the testing chuck 
when coupled to a vacuum pump. Such vacuum chucks are well-known in the art. 

Drive assembly 232 is operative to rotate testing chuck 230 and to move 
20 testing chuck 230 up and down the z-axis. The drive assembly comprises a pulley 
240, a first motor 242, and a second motor 244. Pulley 240 is connected to testing 
chuck 230 by a shaft 246 that extends through the base platform 228 through suitable 
bearings (not shown). Pulley 240 is connected to motor 242 by a drive belt 248. 
Motor 242 rotates pulley 240 and thereby rotates shaft 246 and testing chuck 230. 
25 Motor 242 is connected to a support 250 of motor 244. One end of support 250 is 
provided with a threaded nut 254 which engages a lead screw 252 coupled to a shaft 
of motor 244. Threaded nut 254 can be an anti-backlash nut or a ball screw nut. The 
support 250 is connected to the main shaft 246 by bearing 256. The far end of 
support 250 is secured to the motor 242 by a secure connection, such as a welding 
30 connection, and to guide shaft 251. The motor 244 is positioned on a fixed surface 
253 that supports base platform 228. When the shaft of motor 244 rotates, the support 
250 moves along the z-axis and carries the shaft 246, pulley 240, motor 242, and 
testing chuck 230 along the z-axis. The bearing 256 of support 250 allows the shaft 
246 to rotate freely while still being securely held by the support 250. 

35 



Motors 242 and 244 are preferably stepper motors controlled by computer 220 
through main bus 257. The computer can rotate the stepper motors in either direction 
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with precise steps, allowing the testing chuck to rotate and move in the z-axis in 
small, precisely-defined increments. 

Alternatively, the testing chuck 230 can be moved parallel to the x-axis 259 in 
5 addition to being rotated. This movement can be implemented by positioning parallel 
tracks on the sides of the base platform 228 and moving the chuck assembly 212 
along the tracks using wheels or gears. The movement can be driven by a stepper 
motor similar to motors 242 and 244. In such an embodiment, the wafer 238 can be 
completely tested using a stationary probe assembly 22 and moving only the testing 
10 chuck 230. 

Wafer pick 214 includes a pick shuttle 260 and a wand 262. Pick shuttle 260 
is coupled to a lead screw 264 supported by a base support 266. The central axis of 
lead screw 264 is positioned horizontally parallel to x-axis 259. In the preferred 
1 5 embodiment, the pick shuttle 260 includes a threaded nut 268 that engages lead screw 
264. The screw 264 helps hold the wafer pick 214 and is also operative to move the 
wafer pick in a direction parallel to the x-axis 259. 

The other end of pick shuttle 260 is connected to wand 262. Wand 262 . 
20 extends towards the wafer cassette assembly 218 (detailed below) about six inches 
and is parallel to x-axis 259. Wand 262 is aligned with slot 237 in testing chuck 230 
so that wand 262 can fit within slot 237. Wand 262 includes apertures 270 that are ' 
coupled to a vacuum pump to securely hold a wafer or similar workpiece to the wand 
by atmospheric pressure. Vacuum wands are well-known to those skilled in the art. 

25 

Motor 272 is coupled to lead screw 264 and is operative to rotate the lead 
screw 264. When lead screw 264 is rotated, wafer pick 214 moves along the x-axis 
along the length of the shaft. Motor 272 is preferably a stepper motor and is precisely 
controlled by computer 220 to position wafer pick 214. 

30 

Other mechanisms can be used to move the wafer pick parallel to the x-axis. 
For example, the pick shuttle 260 can be driven along a rod by motor gears. Or, the 
shuttle can be driven by a hydraulic or pulley system. Any mechanism that provides 
precise movement and control will function for pick shuttle movement. 

35 

Probe assembly 22 preferably comprises probe arm 274 and test head 276, 
which can. On one end, probe arm 274 is preferably connected to a lead screw 277 
supported by base support 266. Probe arm 274 includes a threaded nut 279 that 
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engages screw 277, permitting probe arm 274 movement parallel to the x-axis along 
the length of the screw 277. 

On its other end, probe arm 274 is connected to test head 276. The test head 
5 preferably includes probes 278 which are designed to take test measurements on the 
wafer surface. In the preferred embodiment, probe assembly 22 includes a four-point 
probe apparatus, including the housing 26 and test probes PI, P2, P3, and P4 (see 
Figure 2), for measuring the thickness of thin films that is described with reference to 
Figures 2-7. 

10 

Probe arm 274 is operative to position the test head 276 over variable 
locations on the wafer 238. The probe arm 274 moves parallel to the x-axis along 
lead screw 277 by the use of motor 280. Motor 280 rotates lead screw 277, which 
moves probe arm 274 along the lead screw 277. Motor 280 is preferably a stepper 
1 5 motor controlled by computer 220. 

In other embodiments, different mechanisms can be used to move the probe 
assembly along the x-axis. These mechanisms include similar mechanisms as those 
discussed above for the pick shuttle 260. 

20 

In still other embodiments, the probe arm can be set up to move in both the x- 
axis and y-axis directions. In such an embodiment, lead screw 277 is able to move in 
the y-axis direction by the use of tracks or guides positioned on both sides of the shaft 
276. The probe arm moves in the x-direction along the shaft, and moves in the y- 
25 direction as the shaft moves along the y-axis. In such an embodiment, the rotation of 
testing chuck 230 is not required to test the entire surface of the wafer and may be 
eliminated (see Figure 12). 

Wafer cassette assembly 218 includes a cassette 282 and a drive assembly 
30 284; Cassette 282 is preferably an industry standard tray designed to hold a number 
of wafers 285. The cassette 282 is positioned on one side of the chuck assembly 212 
with its opening facing the testing chuck 230 and the wand 262. The bottom wafer 
285 in the cassette 282 is positioned at a height slightly above the height of wand 262 
of wafer pick 214 so that the wand can move beneath the bottom wafer. Once the 
35 wand is beneath the wafer, the cassette 282 is lowered so that the wafer is situated on 
the wand 262. The pick 2 14 is then moved back towards the chuck 230, 

Drive assembly 284 includes a brace 286, a lead screw 288, and a motor 290. 
The brace 286 is attached to the back of cassette 282. The brace can also include a 
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platform which supports the cassette 282. Brace 286 includes a threaded nut 292 
engaged with lead screw 288. Screw 288 is rotated by motor 290. Motor 290 is 
positioned on a stable surface 253 below the cassette 282. As screw 288 rotates, 
brace 286 moves upwardly and downwardly parallel to the z-axis along part of the 
5 length of the shaft, and carries cassette 282. Motor 290 is preferably a stepper motor 
and is computer-controlled. Cassette 282 can be positioned to align a particular wafer 
in the cassette 282 with the wand 262 of wafer pick 214. When a wafer is tested and 
replaced in the cassette, the cassette is moved to align the next wafer to be tested with 
the wand 262. In this way, all the wafers in the cassette 282 can be tested. 

10 

Cassette 282 can be removed from brace 286 when all the wafers in the 
cassette have been tested. A similar cassette can then be connected to the brace 286 
to allow new wafers to be tested. Alternately, the same cassette can be removed from 
brace 286, unloaded and loaded with new wafers, and reconnected to brace 286. 

15 

Computer 220 preferably comprises a microprocessor-controlled digital 
computation apparatus that is coupled to the wafer handling apparatus by a bus 257. 
The computer 220 can control the stepper motors 242, 244, 272, 280 and 290 of the 
apparatus to accomplish the wafer handling and testing process. 

20 

Test circuitry 222 comprises circuitry operative to control the test head 276 of 
the probe assembly 22. Test circuitry 222 is coupled to the test head 276 by a bus 
292. 

25 Figures 9a-9d illustrate several top plan views of the apparatus 2 10. Figure 9a 

shows an initial state of the wafer handling apparatus 210 where the probe assembly 
22 and wafer pick 214 are at a starting position. The process is initiated when the 
probe assembly 22 and the wafer pick 214 are both moved towards the wafer cassette 
assembly 218 as indicated by the arrows Ml and M2, respectively. 

30 

Figure 9b shows the wafer loading position of the probe assembly 22 and 
wafer pick 214. Probe assembly 22 is positioned close to cassette assembly 218 so 
that wand 262 of wafer pick 214 can extend into the cassette assembly. The wand 
262 is positioned beneath wafer 238 in cassette 282, and the vacuum pump coupled to 
35 the wand 262 is activated, securing wafer 238 to the wand 262. The cassette 
assembly 218 may be slightly lowered. The wafer pick 214 then is moved back 
towards the testing chuck 230 as indicated by arrow M3. 
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Figure 9c illustrates the placement of the wafer 238 on the testing chuck 230. 
Wafer pick 214 is positioned so that the wafer 238 is centered over the testing chuck 
230. Testing chuck 230 is elevated so that the wand 262 fits into slot 237 and the 
surface of testing chuck 230 engages the bottom surface of the wafer 238, lifting the 
5 wafer off of the wand 262. The vacuum pump connected to wand 262 is deactivated, 
and the vacuum pump connected to chuck 230 is activated. 

Figure 9d shows the testing positions of the probe assembly 22 and wafer pick 
214. Wafer pick 214 retracts from testing chuck 230 and probe assembly 22 is 

10 positioned over the wafer 238 as illustrated by arrows M4 and M5, respectively. 
Preferably, the center and flat of the wafer are found using a commercially available 
flat and center finder. Once probe assembly 22 is positioned in the desired testing 
position, testing chuck 230 elevates a small distance to engage the surface of the 
wafer 238 with the probes of the test head. The measurements are taken, and the 

15 testing chuck moves down to disengage the wafer with the test head. If more test 
points on the wafer are to be tested, the chuck 230 is rotated and/or the probe 
assembly 22 is translated and the next test point is tested (see Figure 12). If the 
measuring process is over, the wafer pick puts the wafer back into the cassette 
assembly 218 using the reverse of the procedure described above. The process is 

20 repeated for the next wafer positioned above the last wafer tested in the cassette, until 
all the wafers have been tested. 

Figure 10 is a side elevational view of the wafer handling apparatus 210. The 
Various motions of the chuck assembly 212, wafer pick 214, probe assembly 22, and 
25 wafer cassette assembly 218 are shown with arrows. The position of the drive 
assembly 232 relative to the testing chuck 230 is also shown. In the present 
embodiment, the probe arm and pick shuttle are at the same level on the z-axis and 
thus cannot move past one another. 

30 The test head 276 of probe assembly 22 is positioned higher than the wand 

262 of wafer pick 214. This positioning allows the wafer 238 to be lifted from the 
wand 262 and still have enough space to engage the test probes 278 of the test head. 

A total of five motions are shown in Figure 10. The probe assembly 22 has 
35 movement parallel to the x-axis , the wafer pick 214 has movement parallel to the x- 
axis , the testing chuck 230 has movement parallel to the z-axis and rotational 
movement around the z-axis, and the wafer cassette 282 has movement parallel to the 

z-axis . 
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Figure 11 is a flow diagram 294 of the wafer handling process. The process 
begins at a step 296 and, in a step 298, the cassette 282 holding wafers 285 is 
positioned parallel to the z-axis so that a wafer that has not been tested is positioned 
at about the same level as wand 262 of wafer pick 214. In step 300, probe assembly 
5 22 and wafer pick 214 are moved to the cassette so that the wand 262 is positioned 
under the wafer to be tested. 

In step 301, the wafer 238 is secured to the wand 262 by activating the 
vacuum pump coupled to apertures 270. The wafer is removed from the cassette in 
10 step 302 and the wafer pick 214 is positioned over the testing chuck 230. Testing 
chuck 230 elevates to lift the wafer off the wand 262 and holds the wafer to the 
testing chuck using vacuum slots. 

In step 304, the wafer pick 214 deactivates the vacuum suction through holes 
15 270 and withdraws in the direction opposite to the wafer cassette 282. In step 306, 
the wafer 238 is tested. The testing process is described in detail with reference to 
Figure 10. Once the testing is complete, the wafer pick 214 and probe assembly 22 
are moved in step 308 to replace the tested wafer back into the cassette 282. This is 
done in the reverse process as described above: the chuck 30 elevates, the wand 262 
20 moves under wafer 238 through slot 237, and the chuck lowers and leaves the wafer 
on the wand. The probe assembly and wafer pick are then moved to the cassette 
assembly 218 to replace the wafer back to its slot in the cassette 282. 

In step 3 10, the wafer pick 214 and probe assembly 22 are moved away from 
25 the cassette assembly 218 to their resting positions. Next, in step 312, the computer 
checks if any more wafers in the cassette need to be tested. This can be checked in a 
variety of ways. The operator can input to the computer the number of wafers in the 
cassette before the testing process begins. The computer stores the number in a 
variable and decrements the number every time a wafer is completely tested. When 
30 the number reaches zero, there are no more wafers in the cassette to be tested. 

Alternately, a sensing apparatus can be used on the wafer cassette assembly. 
The sensing apparatus can be a photodetector or similar device that senses if a wafer 
occupies a slot in the cassette. If no wafer occupies the slot, the cassette is moved to 
35 the next slot position. The process continues until all the slots in the cassette have 
been sensed. 
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Once all of the wafers are tested, the process is complete as indicated in step 
314. The wafer cassette 282 can be removed and another placed on the apparatus to 
begin another cycle of wafer testing. 

5 Figure 12 is a flow diagram 318 showing the process of testing a wafer. The 

wafer 238 has been placed on the chuck and the wafer pick 214 has retracted. The 
process starts in a step 320 and, in a step 321, a wafer flat, notch, or index mark is 
oriented and the wafer center is found. Flat-orientation can be accomplished by 
rotating the wafer by rotating the chuck 230 so that the wafer edge passes through a 

10 emitter/photodetector and blocks a detector from detecting an emitted beam. As the 
flat rotates through the beam, the beam is detected and the flat position is known and 
can be oriented in a certain direction. The center of the wafer is typically found by 
determining the coordinates of the perimeter of the wafer. Once the coordinates of 
the wafer center are determined, the computer 220 can compensate for any off- 

15 centeredness of the wafer or the chuck. Preferably, the wafer is either a larger 
diameter than the chuck 230, or a transparent chuck can be used so that the 
photodetector can detect the wafer edge through the chuck. Suitable wafer flat 
orienters and center finders are made by Brooks Automation of Santa Clara, 
California, and Genmark Automation of Sunnyvale, California. 

20 

Once the wafer center is located, step 322 is initiated. The probe assembly 22 
is positioned over the wafer 218. The initial position of the probe assembly is 
preferably near the center of the wafer that was found in step 32 1 . 

25 In step 324, the status of the test is examined by the computer. The 

positioning of the probe assembly 22 indicates when the entire wafer has been tested. 
In the preferred embodiment, the probe assembly starts testing at the center of the 
wafer and incrementally moves parallel to the x-axis towards the outer edge of the 
wafer after the chuck incrementally rotates through 360 degrees (see below). In the 

30 preferred embodiment, the test head 276 is positioned at 25 to 1000 test points from 
the center to the edge of the wafer for a eight-inch wafer. When the probe assembly 
is positioned past the final testing position on the edge, the test is complete as 
indicated in step 326. In the preferred embodiment, the computer senses when the 
probes 278 of a four-point probe are no longer touching the wafer, since no current 

3 5 flows between the outer probes through the wafer. 

If the probe assembly is not positioned at its final testing position as indicated 
in step 324, then, in a step 328, testing chuck 230 is rotated by f degrees. The angle f 
that the chuck rotates is determined by the desired distance between test points on the 
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wafer surface. If the operator wishes to test many points, the chuck rotates a small 
amount, e.g. 10°. The angle can also be variable, so that less points can be tested 
close to the center of the wafer where there is less circumference using a larger angle 
of rotation, and more points can be tested close to the edge of the wafer using a 
5 smaller angle of rotation. In the preferred embodiment, the chuck incrementally 
rotates by about 0.04 degrees. 

In alternate embodiments, the chuck need not be rotated to test all the points 
on a wafer surface. The probe arm 274 can be set up to move along the x-axis and the 
10 y-axis and thus test all of the points on the wafer surface in a grid pattern. In such an 
embodiment, the probes 278 of the test head 276 can test points along x-axis rows and 
y-axis rows as detailed below with reference to Figure 1 3. 

In another embodiment, the probe assembly can be stationary, while the chuck 
15 can elevate, rotate, and move along the x-axis or the y-axis. This latter embodiment 
tests the wafer in the same test point pattern as the preferred embodiment, with the 
main difference being that the chuck is the only moving part. 

In step 330, the computer checks if a full rotation (i.e. 360°) of the chuck has 
20 been completed. If a full rotation has been completed, the probe assembly 22 is 
positioned to the next testing position parallel to the x-axis as indicated in step 322. If 
a full rotation has not been completed, the test point is tested as indicated in steps 332 
through 336. 

25 In step 332, the testing chuck 230 raises to engage the wafer surface with the 

probe assembly at the cunrent test point. This is accomplished as described with 
reference to Figure 9. In step 334, the testing is completed. The tests can include 
resistivity measurements of the wafer, sheet resistance measurements of the film on 
the wafer surface, or any other kind of test performed on a wafer. Test circuitry 222 

30 is used to perform the tests. 

In step 336, testing chuck 230 is lowered to disengage the wafer surface from 
the test head. The process then starts again at step 328, where the chuck is rotated to 
the next test point and the computer checks if a full rotation has been completed. In 
35 this way, substantially the entire surface of the wafer is tested in consecutive 
concentric rings going out from the center to the edge of the wafer 218. 

Figures 13a, 13b and 13c show patterns of testing points on a wafer surface. 
Figure 13a shows a top plan view of a pattern of testing a wafer as described in Figure 
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12. Wafer 238 is tested by probe assembly 22 at several test points 338. The test 
head 276 starts testing the wafer at a test point near the center 340 of the wafer 
surface, such as test point 341. A circle 342 of test points is tested by incrementally 
rotating the chuck to each test point on the circle. When circle 342 has been tested, 
5 the probe assembly moves parallel to the x-axis to circle 344, where testing continues. 
Circles of test points are tested in this manner until the probe assembly reaches the 
outer edge 346 of the wafer. 

Alternatively, the test points can be tested in a pattern as shown in Figure 13b. 

10 In this pattern, the probe assembly 22 starts testing at a point at the edge 346 of the 
wafer 238, such as at test point 348. After a point is tested, the probe assembly 
moves parallel to the x-axis and tests another point. Test points are tested in this 
linear manner along line 349 until the probe reaches the opposite edge 350 of the 
wafer. The wafer is then incrementally rotated, and the probe assembly starts testing 

1 5 another line of test points 352. Several diameters or chords across the wafer surface 
are thus tested using this pattern, and substantially the entire wafer surface is tested. 

Figure 13c shows an alternative testing pattern that can be used with the 
present invention. The probe assembly 22 or the testing chuck 230 moves parallel to 
20 the x-axis and the y-axis so that a grid of test points 354 is tested. The probes 278 of 
the test head 276 can test each test point along an x-axis row 356, then move slightly 
along the y-axis and test each point along the next x-axis row, and so on. The grid 
pattern can also be accomplished by moving the probe assembly along the x-axis and 
rotating the chuck simultaneously to test the desired pattern of points. 

25 

While this invention has been described in terms of several preferred 
embodiments, it is contemplated that alterations, modifications and permutations 
thereof will become apparent to those skilled in the art upon a reading of the 
specification and study of the drawings. It is intended that the claims include all such 
30 alterations, modifications and permutations as fall within the spirit and scope of the 
present invention. 

What is claimed is: 



35 
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5 1 . An apparatus for measuring film thickness comprising: 

a probe assembly including four probes; 
means for engaging said probe assembly with a surface of a film; 
current sensing means; 

voltage source means coupled to said probe assembly by said current sensing 
10 means to create a current in said film when said probe assembly is engaged with said 
surface of said film by said means for engaging; 

voltage sensing means coupled to said probe assembly to sense a voltage 
between two probes of said probe assembly; and 

means for determining film thickness from said measured current and said 
15 measured voltage. 

2. An apparatus for measuring film thickness as recited in claim 1, 
wherein said means for engaging includes a chuck means for supporting a wafer to be 
tested in an x-y plane, said chuck means being positioned below said probe assembly. 
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3. An apparatus for measuring film thickness as recited in claim 2, 
wherein said means for engaging includes means for selectively moving said chuck 
means along a z-axis substantially perpendicular to said x-y plane to cause an upper 
surface of said wafer to engage and disengage said probes of said probe assembly. 

4. An apparatus for measuring film thickness as recited in claim 3, 
wherein said means for engaging includes means for moving at least one of said 
probe assembly and said chuck means in a plane substantially parallel to said x-y 
plane. 

5. An apparatus for measuring film thickness as recited in claim 1 
wherein said current sensing means includes a sense resistor between said voltage 
source means and one of said probes. 
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6. An apparatus for measuring film thickness as recited in claim 5 
wherein said current sensing means includes voltage sensing means for sensing a 
voltage across said sense resistor. 
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7. An apparatus for measuring film thickness as recited in claim 1 
wherein said voltage source means provides at least two different voltage levels at 
two different points in time, and wherein said current in said film and said voltage 
between two probes are sensed at both of said two points in time. 

5 

8. An apparatus for measuring film thickness as recited in claim 1 
wherein said voltage source provides a substantially sawtooth-shaped waveform. 

9. An apparatus for measuring film thickness as recited in claim 1 
10 wherein said voltage source includes a digital processing apparatus. 

10. An apparatus for measuring film thickness as recited in claim 9 
wherein said voltage source includes a digital to analog (D/A) converter coupled to an 
output of said digital processing apparatus, and an amplifier coupled to an output of 

15 said D/A converter. 

11. An apparatus for measuring film thickness as recited in claim 1 
wherein said current sensing means includes a sense resistor, differential amplifier 
means having its inputs coupled across said sense resistor, analog to digital (A/D) 

20 converter coupled to an output of said differential amplifier, and digital processing 
means having an input coupled to an output of said A/D converter. 

12. An apparatus for measuring film thickness as recited in claim 1 
wherein said voltage sensing means includes differential amplifier means having its 

25 inputs coupled to said two probes of said probe assembly, analog to digital (A/D) 
converter coupled to an output of said differential amplifier, and digital processing 
means having an input coupled to an output of said A/D converter. 

13. A method as recited in claim 1 wherein said means for engaging said 
30 probe assembly with a surface of a film is operative to engage said probe assembly 

with a plurality of locations on the film surface. 

14. An apparatus for measuring film thickness as recited in claim 13 
further comprising: 

35 means for calculating a sheet resistance for each location thus engaged using 

said sensed current and said sensed voltage; and 

means for calculating said film thickness from said plurality of measured sheet 
resistances. 
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15. A wafer testing apparatus comprising: 
a tester means; 

chuck means for supporting a wafer to be tested in an x-y plane, said chuck 
means being positioned below said tester means; 
5 means for selectively moving said chuck means along a z-axis substantially 

perpendicular to said x-y plane to cause an upper surface of said wafer to engage and 
disengage said tester means; and 

means for moving at least one of said tester means and said chuck means in a 
plane substantially parallel to said x-y plane. 

10 

16. A wafer testing apparatus as recited in claim 15 further comprising 
handling means operative to position said wafer on said chuck means. 

17. A wafer testing apparatus as recited in claim 16 wherein said handling 
15 means includes vacuum pick means. 

18. A wafer testing apparatus as recited in claim 16 wherein said handling 
means includes means for moving said handling means in a plane parallel to a plane 
of said tester means. 

20 

19. A wafer testing apparatus as recited in claim 15 wherein said tester 
means includes a four-point probe assembly. 

20. A wafer testing apparatus as recited in claim 19 wherein said tester 
25 means includes current sensing means and voltage source means coupled to said 

probe assembly by said current sensing means to create a current in said film when 
said four-point probe assembly is engaged with said surface of said film by said 
means for selectively moving. 

30 21. A wafer testing apparatus as recited in claim 20 wherein said tester 

means includes voltage sensing means coupled to said probe assembly to sense a 
voltage between two probes of said probe assembly. 

22. A wafer testing apparatus as recited in claim 21 wherein said tester 
3 5 means includes means for determining film thickness from said sensed current and 
said sensed voltage. 
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23. A wafer testing apparatus as recited in claim 15 wherein said means 
for moving at least one of said tester means and said chuck means in a plane 
substantially parallel to said x-y plane includes chuck rotating means. 

5 24. A wafer testing apparatus as recited in claim 15 wherein said means 

for moving at least one of said detector means and said chuck means in a plane 
substantially parallel to said x-y plane includes means for moving said tester means in 
an x-direction. 

10 25. A wafer testing apparatus as recited in claim 24 wherein said means 

for moving at least one of said detector means and said chuck means includes a 
carriage moved along a screw rotated by a stepper motor. 

26. A wafer testing apparatus as recited in claim 15 further comprising 
15 control means operative to coordinate said means for selectively moving and said 

means for moving. 

27. A wafer testing apparatus as recited in claim 26 further comprising 
means for finding the center of said surface of said wafer coupled to said control 

20 means. 

28. A wafer testing apparatus as recited in claim 26 further comprising 
means for finding an index mark of said wafer coupled to said control means. 
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